Introduction
The HIV-1 (human immunodeficiency virus) pandemic originated from inter-species transfer of simian immunodefficiency virus cpz (SIV cpz ) from chimpanzees to humans [10] . Until recently, it was thought that chimpanzees, like other African non-human primates naturally infected with SIV, remained healthy during SIV infection [27] . However, it has been reported increased mortality and acquired immunodeficiency syndrome (AIDS)-like immunopathology in wild chimpanzees infected by SIV cpz , although the SIV cpz seems to be less pathogenic for chimpanzees that HIV-1 in humans [17] . Chimpanzees are also susceptible to experimental infection by HIV-1, but unlike humans, they exceptionally develop AIDS [27, 18] . Out of more than 200 chimpanzees experimentally inoculated with various human HIV strains, only six developed AIDS due to a recombinant virus derived from two human HIV-1 strains [25] . The six animals had a progressive decrease of blood CD4 T cells and an increased lymphocyte apoptosis was described. Apart from this unique recombinant strain, no other human HIV-1 strain led to AIDS in chimpanzees. The resistance of chimpanzee to develop AIDS is associated to the resistance of their T cells to HIV-1-induced apoptosis [11] , the absence of chronic immune activation [11, 12] and a low level of CCR5 on the CD4 T cells [26] . Moreover, chimpanzees experimentally infected with HIV-1 mount both humoral and cellular immune responses capable of controlling viremia for a long time [12, 31] . Low in vitro replication of HIV-1 in the chimpanzee peripheral blood mononuclear cells (PBMCs) [24] and the resistance of monocytes/macrophages of chimpanzees to HIV-1 infection [32] have also been reported. The latter point correlates with the absence of CCR5 monocytotropic HIV-1 strains in chimpanzees [32] . More recently, it was shown that HIV-1-infected chimpanzees did not display the inversion Vd2/Vd1 of cd T-cells observed in infected humans [14] . Other African non-human primates than chimpanzee are naturally infected by species-specific SIV viruses but these animals remain free of AIDS and the various mechanisms of resistance have been reported (for review see [34] ). Although numerous non-human primate models are available, chimpanzee, the primate phylogenetically the closest to humans, remains an exceptional model of non-progressive infection by HIV and/or SIVcpz.
The work presented here was aimed to identify genes whose expression is modulated differently in human and chimpanzee CD4? enriched T cells after their in vitro inoculation by HIV-1. We hypothesize that such genes might be involved in the resistance of chimpanzees to the disease and/or the sensitivity of humans to the disease.
Materials and methods

Samples and culture
PBMCs from 3 healthy blood donors (Etablissement Français du Sang Pyrénées-Méditerranée, France) and from 3 chimpanzees (Laboratory for Experimental Medicine and Surgery in Primates, New York, USA) were thawed. Cell viability was assessed by Trypan blue exclusion and was above 90 % for chimpanzee PBMCs and above 95 % for human PBMCs. Cells were depleted of CD8? cells (CD8 MicroBeads human, Myltenyi Biotech, Paris, France) and CD8-depleted cells were activated in the presence of PHA 5 lg/ml (Fisher Scientific, Illkirch, France) for 24 h. Cells were then cultured in the presence of hIL-2 (20U/ml, Roche, Meylan, France) for 2 weeks. This culture was necessary to expand the chimpanzee cells.
The percentage of CD3?CD4? T cells among the cells after 15 days of culture was[96 % for humans and[95 % for chimpanzees as assessed by flow cytometry analysis (Facs Calibur, BD-Biosciences, Le Pont-de-Claix, France).
HIV-1 inoculation
Activated cells enriched in CD4? T lymphocytes from the three individuals of each species were inoculated (or not in control culture experiments performed in parallel) with the CXCR4-tropic HIV-1 LAI-strain (i.e. T-tropic strain, 0.01 multiplicity of infection). After 1 h, the cells were washed and cultured in the presence of hIL-2. They were collected 24 h after inoculation and total RNA was extracted (RNeasy Mini kit, Qiagen, Courtaboeuf, France). The quality and quantity of RNA were assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies). Cell infection and HIV replication were assessed by quantification of HIV-1-RNA in supernatant and in total cellular RNA by real-time PCR [40] .
Analysis of gene expression
The expression of 1174 genes was analyzed after hybridization on ''Atlas cDNA Expression Array-Human 1.2'' (Clontech). The membrane was exposed to a lowenergy phosphorimage screen (Amersham Biosciences) for 5 days, image acquisition was performed on a Storm 860 and analysis was performed with ImageQuant 5.2 software (Molecular Dynamics). Data were analyzed with the web service BioPlot (http://biopuce.insa-toulouse.fr/; GenopoleToulouse, Toulouse, France). The intensity of each spot was corrected by subtracting the background. For normalization, the intensity of each spot was divided by the mean intensity of the nine housekeeping genes. The relative expression of genes in infected cells was assessed by comparison to matched uninfected cells. The relative expression expressed in log was converted into a linear change. The final data set consisted of genes that had at least a twofold linear change and a p \ 0.05 from the BioPlot analysis (Student's t test).
The expression of 373 glycosylation-related genes was assessed with a custom-designed TLDA (TaqMan Low Density Array Card, Applied Biosystems, Foster City, USA) (see Supplementary Table 1) . Each target assay consisted of a forward primer, a reverse primer and a TaqMan MGB probe (6-FAM dye-labelled). Real-time RT-PCR amplifications were run on an ABI Prism Ò 7900HT Sequence Detection System (Applied Biosystems). The comparative CT method of relative quantification with 18S and BTAF1 as normalisers compared to the CT value of the target gene (DCT) was used. The relative quantification between HIV-infected samples versus non-infected samples was then determined according to the 2 _DDCT method.
Modulation of gene expression in CD4? T lymphocytes following in vitro HIV infection: A… 63
For real over-or under-expression, an arbitrary limit was fixed at 2.
Results
The level of intracellular HIV-1 RNA increased exponentially after inoculation of the CD4? T lymphoblasts derived from all three humans and all three chimpanzees, although the rate of infection was slower in chimpanzees than in humans (Fig. 1) , as previously reported [24] . A parallel increase of HIV-1 RNA was observed in the respective supernatants. These results confirmed that HIV-1 actively replicated in CD4? lymphoblasts from the three humans and the three chimpanzees.
Modulation of gene expression in human CD41 lymphoblasts
In experiments with both human and chimpanzee lymphoblasts, we compared the gene expression levels in HIVinoculated CD4? lymphoblasts to those observed in the not inoculated control cells. The pairwise comparisons with the respective controls were performed at three times after inoculation (30 min, 24 and 72 h post-inoculation). At 30 min and 72 h after inoculation, the differences observed between inoculated cells and controls were not statistically significant. The following analysis will concern only changes observed at 24 h p.i. As for the three humans, comparison of HIV-1-inoculated CD4? T lymphoblasts and non-inoculated controls revealed that no gene (for one out of the three individuals) or a few (seven genes or eight genes, respectively, for the two remaining individuals) were under-expressed 24 h after inoculation. No genes were under-expressed in common in the two latter individuals. In contrast, in these three individuals, 491 genes, 232 genes and 261 genes were over-expressed in lymphocytes inoculated with HIV-1, among which 58 were significantly over-expressed (p \ 0.05) in all three individuals. The Euler diagram shows the intersection of the over-expressed genes between the three humans ( Fig. 2) . The Table 1 details the 15 genes the most over-expressed 24 h after HIV-1 inoculation. We observed an increased expression of the CD4 gene which occurs earlier than the down-regulation of CD4 previously reported by others upon HIV infection (1 day compared to 4-10 days after infection in other studies) [35] . We can hypothesize that a 2-stage phenomenon occurred in CD4 T cells: an increase of CD4 mRNA followed by a decrease. The CD19 mRNA increase observed here seems not compatible with the low proportion of B lymphocytes in the enriched CD4? T lymphoblast suspensions we have used and could reflect Some of the 15 up-regulated genes are related to immune activation and inflammation. The SEMA4D gene encodes a membrane protein constitutively expressed by T and B lymphocytes and dendritic cells [21] , which expression increases upon cell activation. PGF is an angiogenic growth factor involved in the inflammatory response [33] . These two proteins share a common receptor, neuropilin-1 which plays a role on T cell and dendritic cell interactions [36] . Interleukin-6 is a pro-inflammatory cytokine, which is involved in T cell activation and which augments the susceptibility of monocyte-derived macrophages to infection with T-cell tropic HIV-1 strains [43] .
We also found that some transcription factors were increased after HIV-1 infection: the inhibitor factor ''inhibitor of DNA binding 3'', homeo box D3 and forkhead box O1A (FOXO1A). FOXO proteins are known to decrease cell survival and proliferation by regulating TRAIL expression [23] . Although in our study, TRAIL expression was increased in only 1 of the 3 humans studied (2.3-fold increase) and not modulated in the 2 others, we can hypothesize that a TRAIL increase may have occurred later after HIV infection, secondarily to the FOXO1A increase, as reported in immature DC 4 days after infection [19] . Two other genes involved in cell death were simultaneously increased in CD4 T cells from humans but not in chimpanzee cells: deleted in colorectal carcinoma (DCC) [9] and caspase 9. Alpha-catenin is a protein involved in cell adhesion and interacts specifically with viral gp41 [20] . Two genes displayed no implicit relationship with HIV infection: GAD2 (glutamate decarboxylase 2, OMIM 138275) and MMP14 (matrix metalloproteinase 14, OMIM 600754).
The remaining 43 over-expressed genes belong to various functional clusters: oncogenes/tumor suppressors, adaptors/receptor-associated proteins, transcription activators/repressors, protein kinases, facilitated diffusion proteins and cell receptors (see Supplementary Table 2) . Detail of the 15 genes most highly over-expressed in HIV-1 inoculated CD4? from the 3 humans studied. Data are expressed as the mean ± standard error of the relative expression (arbitrary units) of values obtained from infected cells from three humans relative to those uninfected. The relative expressions of the genes of each of the three humans are also detailed
Modulation of gene expression in chimpanzee CD41 lymphoblasts
The HIV-1 inoculation of chimpanzee CD4? enriched T lymphocytes modulated the expression of a much smaller number of genes than in their human counterparts: 6, 18 and 71 genes were under-expressed and 26, 21 and 4 genes were over-expressed respectively in the three chimpanzees (see above for comparison with human results). No gene was underexpressed or overexpressed in the three chimpanzees. Among the 58 genes up-regulated in the lymphoblasts of the three humans after HIV-1 infection, only one, the apolipoprotein E gene, was up-regulated in the lymphoblasts of one of the three chimpanzees. Remarkably, the HIV-1 infection level observed with lymphoblasts of the latter animal was the highest among the three chimpanzees tested, and was comparable to those observed with human lymphocytes (as assessed by quantification of viral RNA per cell).
Modulation of glycosylation-related genes
Because the Clontech macro-array set encompasses only a few genes involved in glycosylation, we decided to enlarge our study to 373 genes related to glycosylation by the TLDA set quantitative PCR technique. We used a set of primers which were adapted to amplification of human cDNA amplification (for the list of the genes see the Supplementary Table 2 ), and most of these primers were also adapted to chimpanzee cDNA amplification. However, eight chimpanzee cDNA were not amplified or detected because of the presence of 1-2 mismatches in either one of the primers or the probe (see Supplementary Table 3 ). Among the genes studied by TLDA set, 96 had no detectable expression in the human CD4? T lymphoblasts (inoculated or not with HIV-1) and 104 (including 96 same as in human and the 8 genes with mismatch) had no detectable expression in the chimpanzee CD4? T lymphoblasts. Thus, the TLDA revealed the expression of 277 genes and 269 genes in human or chimpanzee lymphoblasts, respectively. The expression of these genes was not significantly modified 24 h after inoculation with HIV-1 (n = 3 for each species). Nine genes were explored by both the Clontech macro-array and the TLDA set and the two techniques revealed no modulation of expression of these genes by HIV-inoculation. Four genes (mannosyl glycoprotein beta 1,2-N acetylglucosaminyltransferase (MGAT1), mannosidase beta A lysosomal-like (MANBAL), GM2activator (GM2A) and neuramidinase 3 (Neu3)) were under-expressed in HIV-inoculated human CD4 cells lymphoblasts (2 out of the 3 individuals studied) but these genes were not modulated by HIV inoculation in chimpanzees (all three individuals).
Discussion
We analyzed here, for the first time, the differential expression of 1174 genes of various functions (including genes related to cell adhesion, immune activation, inflammation, transcription, apoptosis, cell surface antigens, oncogenes, signalling pathways…) and 373 glycosylationrelated genes, in human and chimpanzee enriched CD4? T lymphoblasts after their in vitro inoculation by HIV-1. We chose to analyze lymphoblasts derived from peripheral blood CD4 T lymphocytes because they are closer to the natural virus targets than continuous cell lines. The simultaneous macro-array analysis of 3 individuals of each species and the selection of differentially modulated genes (Student's t test p \ 0.05 and change [twofold) revealed genes of interest not previously reported.
The number of the genes showing expression modulated by HIV-1 inoculation in CD4 T cells was much lower in chimpanzees than in humans, as previously observed in HIV-1-infected immature DC from these two species [19] . We chose the Clontech technology because it displays oligonucleotide probes of at least 200 base-pairs long (mean 250 bp). As the average nucleotide difference between human and chimpanzee is around 1 % in the coding regions, the quality of hybridization of cDNA of both species with the probes can be considered equivalent. In addition, for all genes with lower expression in the chimpanzee CD4 uninfected lymphoblasts compared to their human counterparts, we checked that the differences between human and chimp sequences were not greater than average (data not shown). We thus validated our comparison of the modulation of gene expression between human and chimpanzee lymphoblasts.
We observed that after HIV-1 infection, several genes were up-regulated in CD4 T lymphoblasts from the three humans but not in those from chimpanzees. The exception was apolipoprotein E gene which expression was increased in the chimpanzee displaying the highest in vitro infection level. Apart from its role in lipid transport, Apo E has immunoregulatory properties [28] . Previous studies reported an association between ApoE polymorphism and HIV-1 disease progression as well as with the level of in vitro HIV-1 infection of CCR5-expressing cell lines [7] . The 15 genes the most over-expressed 24 h after HIV-1 inoculation are related to cell adhesion, immune activation, inflammation, transcription, apoptosis, cell surface antigens, oncogenes and signalling pathways. One interesting gene is the one encoding the alpha-catenin which interacts specifically with viral gp41 and may favour HIV-1 infection. The over-expression of SEMA4D and PGF genes could indicate either an increase of interaction between T cells and DC which could favour HIV-1 transmission from DC to T cells or an immune activation of human CD4 T cells. Interestingly, Interleukin-6 has some similar effects and is involved in T cell activation and augments the susceptibility of monocyte-derived macrophages to infection with T-cell tropic HIV-1 strains [43] . The HIV-induced increased expression of Sema4D, PGF and IL-6 in human cells is not observed in chimpanzee cells. This could be related to the absence of chronic immune activation reported in infected chimpanzees.
As previously reported by others, we also found that some transcription factors and genes involved in cell death were increased after HIV-1 inoculation of human cells. Among them, the transcription factor FOXO1A is known to decrease cell survival and proliferation by regulating TRAIL expression [23] . In accordance with our results, another pro-apoptotic member of the FOXO family (FOXO3) was shown to be increased in PBMCs from HIV-1 infected patients under efficient antiretroviral therapy but not in long-term non progressors, compared to healthy controls [22] . The decreased expression of FOXO1 after in vitro HIV-1 infection was also reported, the discordance with our observation is probably due to the use of quiescent CD4 T cells 7 days p.i. [37] . DCC and caspase 9 are also involved in cell death. Interestingly, it was previously shown that DCC drives the activation of caspase 3 through caspase 9 [9] . Altogether, our results are in agreement with the increased susceptibility to apoptosis of HIV-1-infected human cells compared to their chimpanzee counterparts.
Glycosylation plays an important role in HIV infection (see review in [41] ), we thus specifically analyzed the modulation of glycosylation-related gene expression after in vitro HIV inoculation of activated CD4? lymphocytes. Indeed, the glycosylation of the gp120 envelope protein of HIV influences its interaction with its cellular receptors [29] and the recognition of HIV by immune effectors [5] . As HIV does not encode for glycosyltransferase, glycosylation of the HIV proteins depends on the repertoire of glycosyltransferases of the host-cell which varies with the host genotype and with the cell differentiation and cell activation status. Moreover, infection of the cell by viruses can modify the expression of genes related to glycosylation, as it was reported for HIV and the ectopic expression of glycosaccharide antigens (Lewis Y and A) in T cell lines or PBMC [1, 2] .
We observed that, both in humans and chimpanzees, HIV-1 infection did not strongly modulate the expression of glycosylation-related genes in CD4 T lymphoblasts. However, after HIV inoculation, four genes (MGAT-1, GM2A, NEU3 and MANBAL) were under-expressed in CD4 lymphoblasts from 2 humans out of the 3. The genes MGAT-1 and GM2A were previously involved in HIV replication and previous works suggest that their hypoexpression could be associated with a high rate of virus replication in human cells [6, 44] . Conversely, the underexpression of the mannosidase MANBAL and of the sialidase NEU3 could be associated with the production of viruses with low infectivity [15, 4] . The fucosyltransferase genes explored here (FUT1, FUT5, FUT8, FUT10 and FUT11) were not modulated in the two species studied. Therefore, the fucosyltransferase responsible for the expression of Le Y in T cells of HIV infected patients [1] remains to be identified. The viral control of host cell glycosylation as a viral pathogenic factor was previously reported with HTLV-1 which induces expression of sialyl Le X in leukemic T cells [13] . Our study did not reveal a similar process during in vitro HIV infection.
Overall, our study reveals 58 genes which are modulated after HIV-inoculation of human lymphoblasts but not chimpanzee ones. To our knowledge, these genes have not been reported by previous studies that have analyzed the genes modulated by HIV inoculation. Most of these studies have used CD4 T cell lines or human PBMCs [39, 42, 38] . Among the genes previously reported, some were present on the Clontech membrane that we used, such as CD71, thymosin-beta 10 and prothymosin-alpha. For these genes, we did not find a significant modulation after HIV-infection. Type-1 IFN-stimulated genes, including TRAIL and IRF-7 (interferon regulatory factor), were shown to be increased after HIV-1 infection [19, 3] , while IRF-1 was decreased [42] . We found that the expression of TRAIL was increased in one individual and the expression of IRF-7 was increased in 2 of the 3 humans studied while IRF-1 was not modulated in humans. Of note, TRAIL and IRF-7 were not modulated in the chimpanzees studied. Only one study analyzed the effect of HIV-1 infection on human primary cells enriched in CD4 T lymphocytes and reported an impact on apoptosis, RNA metabolism, DNA repair and cell cycle and particularly on p53 tumor suppressor [16] . We observed no modulation of p53 gene expression in HIV-infected CD4 T cells from chimpanzee and a slight increased of p53 gene expression in HIV-infected CD4 T cells from the three humans (mean relative expression 1.75; range 1.6-1.9) which was lower than the one reported by Imbeault and colleagues, possibly due to different experimental conditions. A more recent study has compared gene expression in progressors and non progressors using T cells from HIV-1-infected humans and SIV-infected non-human primates [30] . This study reveals that the genes of caspase 1 precursor, LAG3, CD38 and TNF ligand superfamily member 13B were upregulated in progressors while SOCS 1 gene expression is increased in non progressors.
Thus, the overlap between genes described in the studies quoted above is quite low. These inter-study discrepancies could result from the variety of cells used as models (in vitro infected CD4 T cell lines, human PBMC or human CD4 T cells as well as ex vivo T cells from HIV-infected patients), the heterogeneity between HIV strains used and the diversity of techniques used to analyze gene expression (arrays from Clontech or Affymetrix, genome wide study). The slight overlaps between different genome-wide studies have been described in a meta-analysis of the host cell genes linked to HIV replication [8] . In addition, our study as well the others can only reveal some of the complexity of the problem. Indeed, (i) there is no strict correlation between the expression of mRNA and protein expression, (ii) the epistatic interaction can ricochet successive bring up profiles over-(or under-) expression of genes not directly related with the original cause, (iii) the interaction networks are so complex that the system is partly stochastic: at one point we see this but another everything changes, the dynamic aspect is very important. However, as others, we think that macroarrays can help elucidating interaction between HIV-1, target cells and uninfected cells at a molecular level.
The human-chimpanzee comparison allowed us to identify new candidate genes potentially involved in HIV infection (catenin-alpha), HIV-induced apoptosis (DCC, caspase 9 and FOXO1A) and immune response (semaphorin 4D, placental growth factor, IL-6) which could be related to the different susceptibilities of the two species to HIV-1 infection. Although further studies are required to confirm the potential role of these proteins in HIV infection, this work presents promising new data about HIV and host cell interaction.
